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Microorganisms living on marine macroalgal surfaces require enzyme repertoires to metabolize
macroalgal-synthesized compounds. These enzymes are biological catalysts which have specific
functional properties for biotechnological applications. Here, we raise awareness on the set of enzyme
categories produced by the Bacillus altidudinis strain 19_A, isolated from the marine macroalga Ulva
lactuca, as revealed by the analysis of its complete genome sequence. The genome of B. altitudinis strain
19_Ais ~3.7 Mb long, has a G + C content of 41.2 %, and contains a total of 3,967 protein-coding genes. Our
predictive analysis revealed that these genes encode proteases, lipases, esterases, and enzymes involved
in the synthesis, degradation, and modification of carbohydrates. This enzyme repertoire may have
promising biotechnological and industrial applications.

© 2021 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

Marine macroalgae establish mutualistic interactions with a
diverse group of bacteria living on their surfaces (i.e. epiphytic
bacteria) [1]. These interactions rely on the algal supply of organic
substances for bacterial growth in exchange for secondary
metabolites of bacterial origin important for algal spore release
and settlement [2]. The environment on the macroalgal surface
that supports the growth of their associated epiphytic bacteria
constitutes an ideal source of multiple bacterial enzymes and
bioactive compounds [1].

Macroalgae of the species Ulva lactuca and their most common
bacterial epiphyte species, belonging to the gram-positive genus
Bacillus [3], offer the possibility to investigate the array of bacterial
enzymes that bring about their mutualistic relationship [1].
Furthermore, bacteria of the genus Bacillus are of interest because
their enzymes have halophilic, thermophilic, and barophilic
properties, and exhibit organic solvent tolerance [4]. Bacillus sp.
produces a large variety of extracellular enzymes such as amylases,
proteases, endoglucanases, and lipases with numerous industrial
applications [5].

Macroalgal-associated bacteria harbor enzymes for the degrada-
tion of polysaccharide components of the macroalgal cell [1]. Based
on their amino-acid sequence similarity, these enzymes are
classified into families in the Carbohydrate-active enzymes database
(CAZy) [6]. A Bacillus strain producing lipases, cellulases, and
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siderophores was recently isolated from the green macroalga Ulva
lactuca [7]. In the present study, we raise awareness on the set of
functional categories of the enzymes produced by the Bacillus strain
19_A, as revealed by the analysis of its complete genome sequence.

The genomic DNA of the strain 19_A was extracted using the ZR
Soil Microbe DNA MicroPrep™ (Zymo Research) according to the
manufacturer’s instructions. Purity and concentration of the DNA
were assessed using a Qubit® 2.0 Fluorometer (Thermo Scientific)
and agarose gel electrophoresis. Sequencing libraries were
prepared with the Illumina Nextera XT DNA library kit followed
by paired-end sequencing on an Illumina NextSeq platform. A total
0f 13,695,819 paired-end reads were generated and processed with
the Trimmomatic v0.38 software [8]. After discarding low-quality
reads, the remaining 12,822,692 paired-end reads were assembled
“de novo” with SPAdes v3.13.1 [9]. The obtained sequence coverage
was 175x. The complete genome of the strain 19_A consisted of
one circular chromosome of 3,730,920 bp with an average G + C
content of 41,2 % (Table 1 and Fig. 1).

A phylogenetic tree based on 16S rRNA sequences showed that
the strain 19_A forms a distinct branch together with Bacillus
altitudinis SCU11 (Fig. 2). Their relatedness was also validated via
two genome-to-genome sequence comparison approaches: the
average nucleotide identity (ANI) analysis using the EzGenome ANI
web resource (http://www.ezbiocloud.net/ezgenome/ani) and
digital DNA-DNA hybridization (dDDH) with a genome-to-genome
distance calculator (http://ggdc.dsmz.de/ggdc.php).

The assignment of strain 19_A to a species of genus Bacillus was
confirmed based on the 95-96 % ANI and 70 % dDDH cut-offs [12].

2215-017X/© 2021 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1

Genome features of Bacillus altitudinis strain 19_A.
Attributes Values
Genome size (bp) 3,730,920
G + C content (%) 41.2
Contigs 48
Protein-coding genes (CDS) 3,967
rRNA 4
tRNAs 44
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Fig. 1. Map of the Bacillus altitudinis strain 19_A genome. Ticked inner and outer
most circles serve as size references. In-between and going inwards, circles 1 and 2
display the CDCs on the forward strand (orange) and reverse strand (red),
respectively. Circle 3 displays the GC percentage plot. Circle 4 displays the GC skew
(purple above average, green below average). Circle 5 displays the COG categories.
The genome map was made using GView Server [10].
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The ANI value for the comparison between the genomes of 19_A
and Bacillus altitudinis was 98.49 % and their dDDH value was 86.60
%. According to this analysis, strain 19_A belongs to the species
Bacillus altitudinis.

A total of 3,967 protein-coding genes were predicted using
Prodigal v2.6.1 [13] and then annotated with RAST [14]. Further-
more, 44 tRNA and four rRNA genes were predicted with the online
tools tRNAscan-SE v2.0 [15] and RNAmmer v1.2 for rRNA [16],
respectively (Table 1 and Fig. 1).

The RAST annotation server predicted gene clusters coding for
proteases (10 genes), lipases (2 genes), esterases (7 genes), and
siderophores (21 genes). Macroalgae-associated microorganisms
are known to produce diverse hydrolytic enzymes and bioactive
compounds as they interact with their hosts and the marine
environment (Table 2). Our analysis also identified genes for the
protection from reactive oxygen species (13 genes) and genes
responsible for choline and betaine uptake and biosynthesis (11
genes) in osmotic stress conditions.

Gene functional categories according the cluster of orthologous
groups (COG) were determined with the online resource WebMGA
[30]. The major COG functional categories found were replication;
recombination and repair (L); translation; ribosomal structure and
biogenesis (]); energy production and conversion (C); posttransla-
tional modification; protein turnover; chaperones (O); intracellu-
lar trafficking; secretion and vesicular transport (U); inorganic ion
transport and metabolism (I); and coenzyme transport and
metabolism (H) (Table 3).

The enzymes likely involved in the degradation of macroalgal
polysaccharides and the synthesis, degradation, and modification
of carbohydrates (CAZymes) were analyzed with the server dbCAN
[31]. The CAZymes analysis of the B. altitudinis genome revealed
the presence of 15 genes for carbohydrate-binding modules (CMB),
26 genes for carbohydrate esterases (CE), 38 genes for glycoside
hydrolases (GH), 30 genes for glycosyltransferases (GT), and 2
genes for polysaccharide lyases (PL).

Macroalgae are in large part composed of polysaccharides, as
constituents of their extra- and intracellular matrices, cell walls,
and storage compounds. Hence, the capability to degrade such
polysaccharides constitutes an important trait of marine macro-
algae-associated heterotrophic bacteria. The CAZyme profile of B.
altitudinis strain 19_A is strongly indicative of an alga-associated
lifestyle since it features CAZymes for the breakdown of many
known polysaccharides specific to marine algae. CAZymes typically
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Fig. 2. Phylogenetic tree derived from 16S rRNA gene sequence data. Analyses were conducted in MEGA7 [11] and the distances were computed using the Maximum
Likelihood method. A bootstrap test was performed on the clusters in 1000 replicates. Bootstrap values are displayed as percentages on their relative branches. The 16S rRNA

sequence of Lactococcus lactis was employed as the outgroup.
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Table 2
Characteristics of cultivable bacteria isolated from marine macroalgae tested for enzymatic activities and bioactive compounds. Bold font highlights Bacillus altitudinis strain
19_A.
Strain Macroalgal Source Activity Reference
Bacillus Laurencia papillosa Antibacterial, antioxidant, antidiabetic, and anticancer [17]
Roseobacter, Erythrobacter, Halymenia floresii Quorum sensing [18]
Ruegeria,
Epibacterium
Vibrio, Bacillus, Pseudomonas Ulva lactuca Agarase, carrageenase, amylase, protease and cellulase [19]
Epibacterium Ulva australis Antimicrobial [20]
Strain 19_A Ulva lactuca Cellulase, lipase and siderophores production [7]
Alcanivorax Ulva lactuca Antimicrobial [21]
Bacillus Ulva rigida Antimicrobial [22]
Paracoccus, Rhodobacteraceae Fucus spiralis Siderophores production [23]
Vibrio, Halomonas Ulva spp. Ulvan lyase, [24]
Cellulase
Pseudomonas Padina tetrastromatica Antibacterial [25]
Pseudoalteromonas, Vibrio, Shewanella Ulva lactuca Antibacterial and antidiatom [26]
Bacillus Ulva lactuca Cellulase [27]
Vibrio Ulva reticulata Antifouling [28]
Pseudoalteromonas Ulva lactuca Antifouling [29]
Table 3

Number of genes per cluster of orthologous groups (COG) functional categories in the Bacillus altitudinis strain 19_A genome.

COG Functional category Number of genes

] Translation, ribosomal structure and biogenesis 207

A RNA processing and modification 25

K Transcription 44

L Replication, recombination and repair 220

B Chromatin structure and dynamics 19

D Cell cycle control, cell division, chromosome partitioning 60

\% Defense mechanisms 10

T Signal transduction mechanisms 80

M Cell wall/membrane/envelope biogenesis 103

N Cell motility 67

4 Cytoskeleton 12

U Intracellular trafficking, secretion, and vesicular transport 154

0] Posttranslational modification, protein turnover, chaperones 164

C Energy production and conversion 188

G Carbohydrate transport and metabolism 112

E Amino acid transport and metabolism 120

F Nucleotide transport and metabolism 77

H Coenzyme transport and metabolism 140

I Lipid transport and metabolism 56

P Inorganic ion transport and metabolism 149

Q Secondary metabolites biosynthesis, transport and catabolism 48

R General function prediction only 595

S Function unknown 1,317
Total 3,967

account for up to 2 % of the genes in most bacterial genomes [32].
The genome of the B. altitudinis strain 19_A features 2.8 % CAZymes,
which reflects the specialization of this bacterium to degrade
macroalgal macromolecules.

Thanks to the CAZyme analysis, we identified pectin-hydrolyz-
ing enzymes. Pectin is one of the components of cell walls in
terrestrial plants and has also been found in some species of
macroalgae such as Ulva [33]. The genome of the B. altitudinis strain
19_A revealed the presence of a coding gene for a Pectate lyase
(PL1_BA), which catalyzes the cleavage of pectate via a f-
elimination reaction and generates 4,5-unsaturated oligogalactur-
onate [34]. Pectate lyases are used in the food and paper industries,
textile and plant fiber processing, oil extraction, and industrial
wastewater treatment [35].

Pectate lyase amino acid sequences from various Bacillus
species were downloaded from the NCBI repository (https://
www.ncbi.nlm.nih.gov/) for multiple protein sequence alignment
using the ClustalW (http://www.ebi.ac.uk/clustalW/) and BLAST
programs (http://www.ncbi.nlm.nih.gov/BLAST). The predicted

amino acid sequence of PL1_BA showed the highest similarity
(98.8 % identity) with a pectate lyase from Bacillus pumilus DKS1
(GenBank No. ACD11362), a thermostable and alkaline extracellu-
lar enzyme [36]. In addition, PL1_BA showed high similarity to
other pectate lyases from Bacillus sp. KSM-P103 (GenBank No.
BAA76885; [37]) and Bacillus sp. strain KSM-P7 (GenBank No.
BAA76884; [38]) with 98 % and 87.5 % identity, respectively.

The analysis of the sequence alignment of PL1_BA and other
pectate lyases showed that residues R235 and R240/K206 of
PL1_BA are conserved and are likely to constitute the catalytic
center of the enzyme (Fig. 3). Furthermore, the three aspartate
residues D152, D182 and D186 are also conserved and are probably
the Ca*? binding sites required for the enzymatic activity [34]. The
PL1_BA protein also has a typical amino-terminal signal sequence
with 30 amino acids (Fig. 3), which was identified using the SignalP
41 server (http://www.cbs.dtu.dk/services/SignalP/).

Our genome sequencing effort and its analysis have provided a
view into the composition of the enzyme repertoire of the
epiphytic bacteria B. altitudinis strain 19_A, isolated from the
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PL1 BA 1 ML - -KKKVPMLAGVLAVGLVTSLFAPNGEAKAATKYPESPSIMANANQRGF | - {STLNGGT TGAEIGGKTVTVKTGNELLA
BAA_76884.1 e ANHNQRGF | - {STLMGGT TGAElGGKTVTVKTGNELLA
ACDI11362.1 1 ML - -KKKVPMLAGVLAVGLVTSLFAPNGEAKAPSKYPESPSIMANHNQRGF| - {STLMGGT TGAEIGGKTVTVKTGNELLA
BAA76885.1 1 MLt1KRKVPMLAGVLAVGLVTSLFAPNGEAKAAAKFPESPSIMANHNQRGF| - {STLNGGT TGAEIGGKTVTVKTGNELLA
ACY38198.1 1 VS- - -NVTKVFKLLLALALVLPVISLGSPASQAASNQPTSN- - - - {GPRGIY|- - {ASMNGGT TG VEYASTGRQIQQ
SV11.BT 1 MG------ SMDQSIAVKSPLTYAEALANTIMNTYTVEELPPANRWHYHDGVF1{GVLRILWEATEKRYFEYAKAYADLLI
PL1 BA 76 --1KSKGTNEHYKIVVOGTI|- {TPSNTSANKIDVHDTN- - -- - - VS VGG TNGEF NGIGIKVWRANNVI IRNLK
BA&76884.1 35 --{KSKGTNEHYKIVVOGTI|- {TPSNTSANKIDVHDTN- - -~ - - WS IVGKHGTNGEFNGIGIKVHRANNVI IRNLK
ACDI11362.1 76 - -1 KNKGTNEKUKIVVOGTIf {TPSNTSANKOVHDTY- - - - - - WS IVGKGTNGELNGIGIKVHRANNIIIRNLK
BAA76885.1 78 --{KNKGTNEKUKIVWOGTIf {TPSNTSANKIOVHDTH- - --- - VS IVGKGTNGEFNGIGIKVHRANNIIIRNLK
ACY38198.1 70 | Lidnr$RSNNPDEAYTIYVNGTI|- {TQGNSPQSLIDVHNHAgkahe iMNISIIGVGTNGEFDISIGIRLSNAHNIIIONVS
SV11.BT 75 | pojng-{NLLFRROEUDAIQAGLIL{PLYEQTKDERYV! A/-\:Irlrs1ygTLMRTSEGGF\~.‘t~KDSY? QMWLDGL YMGIGPF A
[ ) [ K ) 1 2
PL1 BA 143 | IHHFKIGDKOAIGI { EGASKNVHVOHNEIL YNT LNSGKDL]- {YOLFDVKNDF - -0y I]FISHMNYVHD WK TMUMGS JOND
BA§76884,1 102 | IHHBKIGDKOAIGI { EGASKNVHVOHNEIL YNT LNSDKDL]- {YOGL FDVKNDF- - -lSoly I]FisHNYVHD K TMUMGS JoMD
ACDI11362.1 143 | IHHFKIGDKOATIIGI | EGGAMNIMVOHNEIL YNT LNSGKDL|- {YDGLFDVKND}- - -|SOfY IT|FISWNY VHD YUK TMUMGS JOND
BAA76885.1 145 | 1HHEKIGDKOAIGI | EGGSHNIYVOHNEL YNTLNSGKDD|- {YDQLFDOVKNDF - -Jsiy T|FSHNY VHDYWK TMYMGS JOND
ACY38198.1 148 | IHHREGEGT|ATJEVDDSK NV ICHNEF YSEFPGNGDYdy YOQLVOMKRN]- - -JAElY TS WNK FENHWK TMUVGHTDMA
SVI11.BT 153 | LKYPNLKQETELFDY---- QW LQESLMRKHTKDAKTAL§YHAWDEAKKMpwaNEE TS PEF WARYIGIWY\MS L ADMT
3 3

PL1 BA 217 | NYN-RKITFHNNRFENLNSRVPEMRFGEGHVYNNYYKNILT|---=---===----- TAINSRMEAKMRIEHNVAENT] - -
BA:—;76884.1 176 | NYN-BKITFHNNRFENLNSRVPEMRFGEGHVYNNYWKNILT}- === --===---- FAINSRMGAKMRIEHNVAENT] - -
ACDI11362.1 217 |NYN-RKITFHNNRFENLNSRVPEMRFGEGHVYNNYYKDILT|--------------- TAINSRMGAKMRIEHNVAENT|- - -
BAA76885.1 219 |NYN-RKITFHNNRFENLNSRVPBMRFGEGHVYNNYVKGILT--------------- [TAINSRMEAKMRIEHNVAENT] - -
ACY38198.1 224 |SLApQKITYHHNYFNNLNSRVP| IRYADVHMFNNYFKDIND)--------------- FAINSRVEARVFVENNYADNVESE
SV11.BT 227 | EELpHKHPNAHVWKNTLQDMIKFICRYQDKHE TGLUYQIVDKedrsdnwlessgscYMYAIAKGINKGY|LDRAYET T} - -
PL1 BA 278 -------- KNAIG-SWDSSKVTWHVINNSYINSTG|-SLPTSSTRETYMPHYNYSLLNVNNVKEVVSNAGVGHVNP

BA&76884.1 237 -------- KNAIG-SWDSRQVETWHVINNSYINSTG|SLPTSSTRTYMPHYNYSLLNVNNVKYEVVSNAGVGHVNP

ACDI11362.1 278 -------- KNAIG-SWDSRQVHTWHVINNSYINSTG| SLPTSSTRTYMPHYNYSLLNVNNVKYEVISNAGVGHVNP

BAA76885.1 280 -------- NNAIG-SWDSSQVATHHVINNSYINSTG)-|SLPTSS TR TYMPHYNYSLLNVNNVKEVISNAGVGHVNP

ACY?38198.1 289 qadpttgf]KGPVGWFYGSPSTHYHNLRGNVFVNTPN|-IS-HLNSTITNFTIPAYSYQVQSATQAKYSVEQHSGVGYIN-

SV11.BT 384 ----11kayQGLIQhKTETSED[AFLVKDICVGTSAGFDYYVSRERS TMDUHGAGAFILAMTEYEPLFRSA-GH- - -

Fig. 3. Multiple amino acid sequence alignment of PL1_BA and other pectate lyases. The pectate lyases used were: BAA76884.1 from Bacillus sp. strain KSM-P7, ACD11362.1
from B. pumilus DKS1, BAA76885.1 from Bacillus sp. KSM-P103, ACY38198.1 from Bacillus sp. N16-5, and SV11.BT from Bacillus tequilensis SV11. Identical residues are within
frames in red. § marks the essential catalytic bases. @ marks the position of the three conserved aspartate residues for Ca?* binding. The slender arrow shows the cleavage site

of the signal peptide of PL1_BA.

marine macroalga Ulva lactuca. The results show that this strainis a
source of enzymes with a potential application in biotechnological
and industrial processes.

Nucleotide sequence and strain accession numbers

The genome sequence of Bacillus altitudinis strain 19_A was
deposited at DDBJ/ENA/GenBank under accession number NZ_CA-
BEHU000000000.1. Strain 19_A is currently available from the
Collection of Microorganisms of the Pontificia Universidad
Javeriana (CMPU]J) under strain code CMPU]J 454.
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